Peptidoglycan is a fundamental structure for most bacteria. It contributes to the cell morphology and provides cell wall integrity against environmental insults. While several studies have reported a significant degree of variability in the chemical composition and organization of peptidoglycan in the domain Bacteria, the real diversity of this polymer is far from fully explored. This work exploits rapid ultra performance liquid chromatography and multivariate data analysis to uncover peptidoglycan chemical diversity in the Class Alphaproteobacteria, a group of Gram negative bacteria which are highly heterogeneous in terms of metabolism, morphology and life styles. Indeed, chemometric analyses revealed novel peptidoglycan structures conserved in Acetobacteria: amidation at the a (L) carboxyl of meso diaminopimelic acid and the presence of muropeptides cross linked by (1 3) L Ala D (meso) diaminopimelate cross links. Both structures are growth controlled modifications which influence sensitivity to Type VI secretion system peptidoglycan endopeptidases and recognition by the Drosophila innate immune system, suggesting relevant roles in the environmental adaptability of these bacteria. Collectively our findings demonstrate the discriminative power of chemometric tools on large cell wall chromatographic datasets to discover novel peptidoglycan structural properties in bacteria.
Abstract
Peptidoglycan is a fundamental structure for most bacteria. It contributes to the cell morphology and provides cell wall integrity against environmental insults. While several studies have reported a significant degree of variability in the chemical composition and organization of peptidoglycan in the domain Bacteria, the real diversity of this polymer is far from fully explored. This work exploits rapid ultra performance liquid chromatography and multivariate data analysis to uncover peptidoglycan chemical diversity in the Class Alphaproteobacteria, a group of Gram negative bacteria which are highly heterogeneous in terms of metabolism, morphology and life styles. Indeed, chemometric analyses revealed novel peptidoglycan structures conserved in Acetobacteria: amidation at the a (L) carboxyl of meso diaminopimelic acid and the presence of muropeptides cross linked by (1 3) L Ala D (meso) diaminopimelate cross links. Both structures are growth controlled modifications which influence sensitivity to Type VI secretion system peptidoglycan endopeptidases and recognition by the Drosophila innate immune system, suggesting relevant roles in the environmental adaptability of these bacteria. Collectively our findings demonstrate the discriminative power of chemometric tools on large cell wall chromatographic datasets to discover novel peptidoglycan structural properties in bacteria.
Introduction
One of the defining characteristics of bacteria is the presence of a peptidoglycan layer as a critical component of the cell envelope 1 . In Gram negative bacteria, a thin peptidoglycan layer (sacculus) lies in the periplasm between the cytoplasmic and outer membranes ( Figure 1A Since the cell wall is a arrier etween the environment and the cell, it seems quite rational to expect oth adaptive and evolutionary varia ility in this structure amongst the many existing acterial species. In fact, even the low resolution techniques (e.g. thin layer chromatography 3 ) availa le in the early days of cell wall research pointed out su stantial peptidoglycan varia ility.
Introduction of high resolution techniques such as High Performance Liquid Chromatography
(HPLC) and its recently improved "Ultra Performance" version (UPLC) 4 , revealed new levels of complexity demonstrating the dynamic nature of peptidoglycan structure and its adaptive growth phase dependent peptidoglycan plasticity 5, 6 . Uncovering the breadth of peptidoglycan structural variability will lead to a better understanding of cell wall biology in nature, in particular its role in environmental adaptation and signaling. However, an in depth exploration of peptidoglycan variability requires the analysis of large numbers of samples and the application of chemometric tools to both, identify novel peptidoglycan traits and define clusters of organisms sharing these features. In other words, an "omic" approach conceptually similar to proteomics or metabolomics.
Cell wall structural variability might be an important element in the bacterial strategy to adapt to hostile environments, as are most natural habitats. For instance, many Gram negative bacteria have devised mechanisms to outcompete cohabitating species by releasing 7 or injecting, via type VI secretion systems (T6SS) 8 , peptidoglycan hydrolases. It has been suggested that some bacteria might escape by modifying the structure or composition of their peptidoglycan target 8a , i.e. chemical modifications 9 and changes to the crosslink positions 10 . In higher organisms, peptidoglycan recognition proteins of the innate immune system provide an antibacterial defense mechanism targeting the cell wall. Because these proteins recognize highly conserved motifs in the peptidoglycan, some bacteria avoid recognition through specific modifications such as peptidoglycan deacetylation which mitigates host immune detection and thus favors pathogen persistence 11 .
Here we report the development and application of chemometric tools to the analysis of peptidoglycan in representative species of the Gram negative bacterial class Alphaproteobacteria, one of the 6 classes which make up the phylum Proteobacteria 12 . Alphaproteobacteria are appropriate sources for cell wall studies aiming at finding new structural variability because of their high diversity in terms of metabolism, morphology, environmental niches and life styles spanning from free living bacteria to symbionts and intracellular pathogens 13, 14 . The general suitability of this method offers a rapid pipeline to uncover novel peptidoglycan traits in large datasets. Multivariate data analysis of peptidoglycan UPLC spectra revealed three clusters, one of them exclusively comprising members of the family Acetobacteraceae, a family in the Alphaproteobacterial order Rhodospirillales characterized by the ability of its members to produce acetic acid and grow at low pH 15 . The cell wall of these bacteria is characterized by the presence of previously undescribed muropeptides amidated at the a (L) carboxyl group of meso diaminopimelic acid (DAP), and cross linked through LD (1 3) peptide bridges. Functional studies showed that these new muropeptides are poor substrates for Type VI secretion system (T6SS) endopeptidases from the potentially co inhabitant bacteria Pseudomonas aeruginosa and Acidovorax citrulii. Furthermore, amidation at the carboxyl of DAP reduces the ability of peptidoglycan to elicit the innate immune response in the vinegar fly Drosophila melanogaster, a natural host for Acetobacteria.
Results

Multivariate statistical analysis of peptidoglycan composition reveals three clusters in
Alphaproteobacteria
As peptidoglycan chemical structure is inferred from muropeptide chromatographic profiles, a clustering analysis was expected to reveal the subjacent compositional variability in large numbers of datasets. Therefore, we selected 20 different species representing five (Caulobacterales, Sphingomonadales, Rhodospirillales, Rhodobacterales and Rhizobiales) of the six different Orders of the Class Alphaproteobacteria (Table S1 ). We did not include species from Order Rickettsiales due to their growth requirements. Peptidoglycan muropeptide composition from stationary phase cultures was analyzed by means of ultra performance liquid chromatography (UPLC) ( Figure S1 ) and its variability was assessed by hierarchical cluster analysis (HCA) 16 using principal component analysis (PCA). Both, clustering and interrelations were calculated according to the presence (or absence) and relative abundances of "peaks", in the UV 204 /retention time (t R ) records. For simplicity we used a t R window between 4 and 14.5 min, which includes all major subunit species, in particular the variants of the monomeric and the most abundant cross linked muropeptides ( Figure 1 , Figure S1 ).
An initial PCA distributed the studied species into three clusters (Cl.1, Cl.2 and Cl.3).
Interestingly, members of Cl. 1 lay far away from those of Cl. 2 and Cl. 3 in the PCA diagram, suggesting substantial differences in their peptidoglycan nature ( Figure 1B ). To further explore the internal variability in each cluster we performed a deeper statistical analysis where all peaks and their relative abundances were considered. Application of these criteria generated heat map trees defining the common properties and established the internal relations amongst the species in each cluster ( Figure 1C ).
Figure 1. Chemometric clustering analyses on Alphaproteobacteria peptidoglycan samples.
(A) Schematic representation of Gram negative cell wall structure confined between inner (IM) and outer membrane (OM). Chemical structures for the dimeric (A1) and monomeric (A2) subunits in the polymer, and for the chain terminal anhydro muropeptides (A3 Tri tetra (DAP); 18= Tetra tri; 19= Tetra penta; 20= Tetra tetra tri; 21= Tetra tetra tetra; 22= Tetra tetra (Anh); 23= Tetra tetra (Anh,Anh); 24= Tetra tetra tetra tri; 25= Tri Tri tetra (Anh,DAP,DAP); 26= Tetra tetra tri (Anh); 27= Tetra tetra tetra(Anh); 28= Tetra tetra tetra tetra(Anh) ( Figure 1C , Table S2 , Figure S2 ).
Analysis of peptidoglycan clustering in Alphaproteobacteria
Principal component analysis of UPLC data defined clusters of species sharing distinct sets of peptidoglycan structural features, as well as a hierarchy of intra cluster relations based on 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 more subtle, secondary variations. Figure 2 shows the hierarchical order derived from the PCA and its correlation with the iTOL generated phylogenetic organization.
Species in Cl. 3 shared a peptidoglycan which was similar to that of the archetypical E. coli, characterized by the occurrence of DD (D Ala DAP) and LD (DAP DAP) cross links in both dimeric and trimeric muropeptides, and with tetra and tripeptides as stem peptides (Figure 2A , Table S2 , Figure S2 ). The presence of LD cross linked muropeptides was accompanied in all instances by at least a putative LD transpeptidase encoded in the corresponding genomes (Table   S3) Compounds 1-5, present in the members of Cl. 1, had t R 's and masses which did not correspond with known muropeptides (Table S2 ) making the affected species cluster far away of Cl. 2 and Cl. 3 in the PCA scatter plots ( Figure 1B, Figure 2 Additionally, this bioinformatic approach has proved capable to identify peptidoglycan variability even at the level of species, supporting PCA as an appropriate tool to both, group bacteria according to relevant characteristics of peptidoglycan, and detect subtle discriminative structural motifs.
Acetobacteria have a distinctive peptidoglycan architecture
Cluster 1 was represented by Acidiphilum cryptum and Acetobacter pomorum, which are acetic acid bacteria. To determine whether the peptidoglycan structure characteristic for Cl.1 was conserved throughout the Family Acetobacteraceae, ten additional species were investigated by the same analytical methods. The results showed that all of them fitted within the peptidoglycan pattern defined for Cl.1 ( Figure 2B , Figure S3 ). Remarkably, introduction of new species to Cl.1 increased further the existing heterogeneity. Cluster 1 subdivision was associated with variations on the relative abundance of the peaks, and the partial conservation of a second series of new components, namely 3 and 4, characteristic of Acetobacter, Acidomonas and Gluconobacter members ( Figure 2B ). As shown in table S2, the more abundant muropeptides in Cl. 1 had masses corresponding to 9, 18 and its anhydro variant ( Figure S2b ), but with a deficit of one 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figures 3B, S10, S11 and Tables S4 S5) and the D DAP amidated variant (29) 17c , which also presents amidation at glutamic a carboxyl group (Figures 3B, S12, S13 and Tables S4, S5 ). 
Hexagons represent GlcNAc (gray), MurNAc (black) and anhydro MurNAc (blue). (E)
Comparative analysis of iTOL based taxonomic organization and peptidoglycan clustering of Acetobacteraceae.
Analysis of the mass differences was consistent with 3 and 4 being alike except for a mass difference of 72 m.u. (Table S2 ). We hypothesized that such a difference in 3, relative to 4, Table S2 ).
A full NMR analysis of 1, 6, 29, 9, 3 and 4 (the amide and methyl regions of the corresponding spectra are presented in Figure 3A , 3B, 3C) by means a double set of homo and heteronuclear spectra acquired either in water (with 10% deuterated water) or fully deuterated water (Figures S6 S7, S10, S12, S14 S15) allowed the assignment of the chemical shifts of all amide and non exchangeable protons and almost all carbons (excluding carbonyls) of all six muropeptides (Tables S4 and S5 ). The full proton assignment allowed to deduce the connectivity of amino acid residues through the amide bonds by analyzing NOE (Nuclear Overhauser Effects) between the amide proton of a residue and the a proton (g in the case of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Proton NMR spectra of 3 and 4 ( Figure 3C ), in accordance with mass spectrometry data ( Figure   S4BC 
Peptidoglycan structure is regulated in Acetobacteraceae
The variability in the relative abundances of L amidation (from ca. 95% to 30%) and 1 3 crosslinking (from 0% to 15%) amongst Acetobacteraceae suggested that synthesis of these muropeptides could be actively regulated at least in some species (Figure 4 ). To test this possibility, we investigated the effect of growth phase on the accumulation of the atypical muropeptides. Remarkably, L amidated and 1 3 cross linked muropeptides follow very distinct dynamics. The proportion of 1 3 dimers was highest in stationary phase ( Figure 4A ) in all the strains. However, L DAP amidation levels were apparently constitutive for all species except
Gluconobacter frateurii and Roseomonas gilardii ( Figure 4B ) where levels plummeted in stationary phase. A more detailed analysis of the evolution of L amidation in G. frateurii showed that the reduction in amidation (from 80% down to 30%) was triggered early during the transition from exponential into stationary phase (at an OD 600 » 0.8 under our conditions ( Figure   4CD , Figure S18A ). To assess nutrient exhaustion as the downregulation trigger, cultures of G. frateurii were supplemented in parallel with individual media components, but no suppression of the effect was found ( Figure S18B ). To ascertain whether extracellular signaling (e.g. quorum sensing) was controlling downregulation of peptidoglycan amidation in G. frateurii, exponentially growing cells were challenged with stationary phase preconditioned media, but again no effect on peptidoglycan amidation was detected ( Figure S18C ). Thus we conclude that peptidoglycan amidation is not downregulated by released factors nor starvation signals in G. frateurii and further studies will be needed to shed light on its metabolic regulation in this bacterium. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 regulatory mechanism, and a possible involvement of LD (1 3) muropeptides in cell survival under nutrient scarcity and high density of population. Figure 5A , Figure S19A ). Therefore, In vitro digestion assays of purified G. frateurii dimeric muropeptides (2, 3, 4 and 7, Table S2 ) showed that neither Tse2Ac nor Tse1Pa were active on the LD dimers (3 and 4)
( Figure 5BC ). Likewise, Tse2Ac endopeptidase showed no detectable activity on the L amidated DD crosslinked muropeptide (2), but readily degraded the non amidated counterpart (7) ( Figure   5B ). Finally, Tse1Pa showed a slight but still significant 20% lower activity on 2 compared to 7
( Figure 5C ). The preference of Tse1Pa for canonical non amidated DD crosslinked dimers vs the L DAP amidated version was further characterized in an in vitro endopeptidase time course assay using muramidase digested G. frateurii peptidoglycan as substrate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and Tse1Pa activity on the indicated compounds, respectively (see Table S3 ). Schemes of the As expected, LD (1 3) dimers were completely resistant to Tse1Pa, and 7 was hydrolyzed faster than 2 ( Figure S19BC ). The reduction in the indicated dimers was associated to an accumulation of 12 and disaccharide hexapeptide (31) products expected for the glutamyl DAP endopeptidase activity of Tse1Pa ( Figure S19BC ). Finally, calculation of steady state kinetics for the Tse1Pa enzyme on purified muropeptides revealed a k cat /K M 3.3 fold higher for 7 than for 2 , consistent with the reduced susceptibility of L DAP amidated dimers to Tse1Pa ( Figure 5D ).
Together, these results indicate that the peptidoglycan modifications found in
Acetobacteria may make them less susceptible to at least some T6SS effector peptidoglycan hydrolases.
L-DAP amidation reduces immunogenicity of Acetobacteria peptidoglycan in the fly
Drosophila melanogaster.
Acetobacteraceae is one of the dominant bacterial Families of Drosophila melanogaster commensal microbiota 18 . D. melanogaster main antibacterial defense is provided by the innate immune response (IIR) system, which is triggered by peptidoglycan recognition and depends on the identity of the di amino acid in third position (the DAP specific IMD pathway) 19 . In consequence, we hypothesized that L DAP amidation might be a mechanism devised by fly gut Acetobacteria to modulate the immune response of their host.
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Journal of the American Chemical Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 To test these ideas, we checked the effect of normal and L DAP amidated anhydro muropeptides since these are known to be the most immunogenic 20 . Therefore, equimolar amounts of pure muropeptide control (32, Figure S2 ), identical to tracheal cytotoxin (TCT) 21 , and 33 (Tri (NH 2 , Anh), Figure S2 ) from G. oxydans were injected into the fat body of D.
melanogaster adult flies and the transcriptional induction of diptericine, an antibacterial gene regulated by the IMD pathway, was followed and quantified ( Figure 6 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 injected with water. Compound 12 was used as non immunostimulatory muropeptide.
Experiments were done in triplicates (p value: ***<0.0001).
Our results show that E. coli peptidoglycan induced 4 fold more diptericine than G.
oxydans amidated peptidoglycan. Together, these results buttress that L DAP amidation reduces the immunogenicity of peptidoglycan on the IIR.
Discussion
The peptidoglycan cell wall is a fundamental structure in Bacteria whose real diversity is still far from settled. In this work, we harness UPLC and multivariate data analysis to explore peptidoglycan variability in Alphaproteobacteria, dominant organisms of aquatic environments worldwide. Our analysis distributed the studied species in three clusters according to their peptidoglycan properties. While Cl. 1 peptidoglycan properties made it substantially different to that of the other clusters, it is important to keep in mind that both Cl. 2 and Cl. 3 also exhibited a considerable internal degree of variability that can be associated with environmental adaptation.
One good example is provided by the distribution of pentapeptide and LD (DAP DAP) cross linked muropeptides in these clusters. Since these properties have been reported in a number of bacteria to be important in environmental adaptation and morphogenesis 22 , and in antibiotic tolerance, respectively 10, 23 , their presence/absence in certain species might reflect specific regulatory mechanisms important for the lifestyle of bacteria. In fact, some species as
Hyphomonas and Roseomonas encode LD transpeptidase orthologues but have no detectable LD cross linked muropeptides. Similarly, bacteria accumulating pentapeptides encode orthologues to E. coli PBP5 in all cases ( Figure 2 , Table S3 ). This observation suggests either an unrelated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Table S3 ). Future research should show if LD (1 3) crosslinking is catalyzed by a new type of LD transpeptidase and whether its expression also confers tolerance to lactams as shown for (DAP DAP) LD transpeptidases 10 .
Both L DAP amidation and 1 3 crosslinking synthesis, respond to specific growth cues which can even be species specific. This plasticity likely implies regulatory mechanisms to continuously adjust the characteristics of the cell wall to the changing conditions and supports 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Conclusions Collectively, our results support the potential of chemometric methods for kingdom wide "mureinomic" studies to uncover novel peptidoglycan traits and their associated biosynthetic and regulatory activities. We describe unforeseen peptidoglycan traits in the Alpha subdivision of Proteobacteria: amidation at the a carboxyl of meso DAP and the presence of muropeptides L Ala D (meso) DAP cross linked. These structures influence sensitivity to Type VI secretion system peptidoglycan endopeptidases and recognition by the Drosophila innate immune system, suggesting relevant roles in the environmental adaptability of these bacteria. Finally, we offer a powerful pipeline for a kingdom wide peptidoglycan screening to boost knowledge of cell wall biology in Bacteria thereby opening new avenues towards the development of taxon specific antimicrobial strategies. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Experimental section Microbiology E. coli strains were grown in Luria broth (LB) and on LB agar plates. Kanamycin (Kn) was used at 50 g/ml. L. plantarum was growth in MRS broth at 30°C 17c . Acetobacteria were growth on YP (yeast extract 1% and peptone 1%) supplemented with different sugars (all at 3%):
glucose (G) (for the clustering samples), mannitol (M) or stationary phase preconditioned filtered media (PCM) and incubated for the indicated periods (Figure 3) . Unless otherwise indicated, the different bacteria used in this work were grown (either exponentially, OD 600 = 0.3; or to stationary phase, OD 600 = 3.0, t= 36h) under optimal conditions (media and temperature)
recommended by the DSMZ, ATCC and CECT bacterial collections.
Peptidoglycan isolation
Cells from 0.2 l cultures of overnight stationary phase, or 1 l exponential phase (OD 600 = 4.0) were pelleted at 5,000 rpm and resuspended in 5 ml of PBS, added to an equal volume of 10% SDS in a boiling water bath and vigorously stirred for 4 h, then stirred overnight at t R . The insoluble fraction (peptidoglycan) was pelleted at 100,000 rpm (400,000 x g), 15 min, 30ºC
(TLA 100.3 rotor; OptimaTM Max ultracentrifuge, Beckman) and resuspended in MilliQ water.
This step was repeated (4 5 times) until the SDS was washed out. Next, peptidoglycan was treated with Pronase E 0.1 mg/ml at 60ºC for 1 h and further boiled in 1% SDS for 2 h to stop the reaction. After SDS was removed as described previously, peptidoglycan samples were resuspended in 200 l of 50 mM sodium phosphate buffer pH 4.9 and digested overnight with 30 g ml -1 muramidase (Cellosyl, Hoechst) at 37 °C as described 26 . Muramidase digestion was stopped by incubation in a boiling water bath (5 min). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 subjected to reduction of muramic acid residues into muramitol by sodium borohydride treatment (10 mg ml -1 final concentration, 30 min at room temperature). Samples were adjusted to pH 3.5 with phosphoric acid. For purification of 29, L. plantarum peptidoglycan was purified as described by Bernard E, et al. 17c .
Peptidoglycan analysis
Chromatographic analyses of muropeptides were performed on an ACQUITY Ultra Performance Liquid Chromatography (UPLC) BEH C18 column (130 Å, 1.7 m, 2.1 mm by 150 mm; Waters, USA), and peptides were detected at Abs. 204 nm using an ACQUITY UPLC UV Visible Detector. Muropeptides were separated using a linear gradient from buffer A (phosphate buffer 50 mM, pH 4.35) to buffer B (phosphate buffer 50 mM, pH 4.95 methanol 15% (v/v)) in 28 min, and flow 0.25 ml min 1 . Concentration of total murein was determined as described 27 .
Individual muropeptides were quantified from their integrated areas using samples of known concentration as standards. Experimental variability in muropeptide quantification by UPLC in Figure 2 is <5% for minor muropeptides and <1% for more abundant muropeptides. See supporting information for additional details.
For chemical analysis, muropeptides were purified by HPLC on an Aeris peptide column (250 × 4.6 mm; 3.6 m particle size; Phenomenex, USA) using adapted methods from the described above used in the UPLC system. Pure muropeptides were concentrated and desalted using a water methanol gradient on the same column prior to MS and NMR analyses. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The G: spin system of residue connected to a carboxyl at L end of diaminopimelic.
H: spin system of residue connected to e carboxyl at D end of diaminopimelic.
J: amide NH 2 spin system connected to a carboxyl of D glutamic acid.
Protein expression and purification.
A. citrulli tse, P. aeruginosa tse, and slt70 from E. coli genes were cloned in pET28b 31 .
In vitro peptidoglycan digestion by T6SS effectors
The extent of T6SS dependent peptidoglycan digestion was analysed over time (45, 90 and 180 min). 0. Differences were considered statistically significant at p<0.01.
Standard muropeptide isolation
Anhydromuropeptides 32 and 33 were produced by using stationary phase peptidoglycan from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 highest SNR ratio were identified as the IS. Peak widths were found by looking at when the sum of a window of +/ 3 seconds ceases to decrease. The obtained peak indices were set to zero in the muropeptide domain. Next, the chromatograms were cut so that retention times between 4 and 20 min were used. Chromatograms were normalized using total ion current normalization as implemented in MALDIquant. The data was then aligned using references peaks in the samples and IS, then replicate spectra were averaged within species.
For initial clustering, only intensity values between 4 and 14.5 min were used since this time interval comprises all main peptidoglycan components. A PCA was performed on the processed chromatograms and the obtained score vectors were used for clustering. The number of principal components used corresponded to the number of chromatograms in the data.
Clustering analysis with wards criterion was carried out on the score matrix of the principal components. Sample similarity was evaluated by means of Euclidean distance. Once initial clustering was generated, clustering on sub groups was performed on the full time period between 4 and 20 min. Average distances from the mean (and standard deviation) in the 3 clusters were found to be 2.99 (0.84), 3.92 (1.77), 2.07 (0.76) indicating relatively homogeneous clusters. Average distance between the clusters were found to be 7.09 (sd 2.45) indicating substantial differences in the peptidoglycan structures of the samples.
All data analysis was performed using R version 3.1 and data visualization using the ggplot2 package. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Where denotes the sum of the current window (Left, , or Right, ). Peak bound is set to the center of the sliding window when the criteria for incremental sliding is not met anymore.
Drosophila innate immune system stimulation
Quantitative analysis of Diptericine expression was performed, as described previously 20 . Briefly, total RNA was extracted from cells and cDNA was synthesized by using cDNA synthesis kit (Roche, Basel, Switzerland). Fluorescence real time PCR was performed using dsDNA dye SYBR Green (PerkinElmer, Boston, MA). SYBR Green analysis was performed on an ABI PRISM 7700 system (PerkinElmer). Primer pairs for Diptericine (readout) and Rac2
(control) were used to detect target gene transcripts 20 . All samples were analyzed in triplicate, and the amount of mRNA detected was normalized relative to the control Rac2 values.
Phylogenetic organization correlating cell wall properties
Generation of trees correlating phylogeny and peptidoglycan structural properties of Alphaproteobacteria ( Fig. 2 and Fig. 3 ) was performed using the iTOL (interactive Tree of Life) software version 2.1. (http://itol.embl.de/). 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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